HVPE grown layers typically show a high density of pyramidal structures on the surface. We found that a slight off-orientation of the substrate totally suppresses the development of these structures. Further we found that a misorientation towards the M-plane of GaN features a smoother surface morphology as compared to an off-orientation towards the A-plane. After the improvement of the surface morphology and other properties of the HVPE grown layers, we studied self-separation processes. Our approaches to remove the thick GaN layer from the substrate were the introduction of a low-temperature intermediate layer and a structured dielectric mask.
Introduction
The improvement of GaN based electronic and optoelectronic devices, especially for short wavelength optoelectronics, is still limited by the fact that the epitaxial structures have to be grown on substrates like sapphire or SiC, because high quality bulk GaN wafers are still not readily available. The growth on foreign substrates causes a high defect density, which limits the efficiencies and life times of these devices. Therefore, the heteroepitaxial growth by hydride vapour phase epitaxy (HVPE) of thick GaN layers which can be used as quasi-substrates for the device epitaxy has been developed by several groups [1, 2] . On such layers, excellent electronic and optoelectronic devices, in particular laser diodes [3] and light emitting diodes [4] have been fabricated. HVPE grown layers, however, still suffer from several problems. They normally show a quite rough pyramidally shaped surface, thus requiring a polishing step before their use in a following device growth. To reduce the strain of those layers and the bowing, it is necessary to remove the foreign substrate after the HVPE process to get free-standing GaN wafers.
We studied the influence of several growth parameters on the electrical and optical properties and the surface morphology of the HVPE grown layers. Quite recently, several groups have reported that a slight substrate misorientation may improve the GaN layer quality considerably in MOVPE [5, 6] . Our own preliminary experiments showed that the misorientation of the wafer is of major importance also in HVPE [7, 8] . Hence, we have systematically investigated the influence of the substrate miscut on the HVPE grown layer properties by varying angle and direction of the misorientation of the sapphire substrate used.
For a further improvement of GaN-based devices it is necessary to remove the foreign substrate from the HVPE-grown layer. Several groups developed such a process. One possibility is to remove the foreign substrate by laser lift-off (LLO) [9] or by using GaAs as substrate for the HVPE growth, which can be easily removed [10] in a wet chemical process. Another possibility is to use self-separation processes, which make use of the thermal strain between the foreign substrate and the thick GaN layer during cool down from growth temperature to room temperature. Y. Oshima et. al. [11] used a TiN interlayer to generate a well-defined break point. We investigated different approaches towards free-standing GaN by separating our thick HVPE-grown layers in-situ during cooling-down after the epitaxial process. One way is the growth on masked templates, similar as described by Tomita et al. [12] , where the geometry and the filling factor can be optimized for best self-separation. Another way was proposed by Zhillyaev et al. who inserted a low-temperature interlayer near the substrate to define the self-separation break point [13] . However, only small pieces of free-standing GaN have been obtained, and no details of their procedure were published.
Experimental
The experiments described in this paper have been performed in an Aixtron single wafer HVPE machine with a horizontal quartz reactor. As usual, metallic Ga was transported by HCl gas to the substrate, whereas ammonia was used as nitrogen precursor. The Ga source was kept at 850
• C, while the substrate zone was heated to 1050−1070 • C. A freely adjustable mixture of nitrogen and hydrogen could be used as carrier gas to influence the strain state during growth, thus controlling the cracking behaviour of the grown layer [14] . This enabled the growth of 140 µ m thick crack-free layers directly on GaN templates on sapphire without the necessity of any strain compensating layer. The reactor pressure can be adjusted between 200 and 950 mbar.
All layers have been grown on GaN templates deposited by MOVPE to avoid the effort of developing a nucleation process in HVPE. The templates with a GaN thickness of approx. 1.5 µm were grown in a single wafer MOVPE reactor with an AlN nucleation layer [15] . Besides the different misorientations, the templates showed very similar properties [8] . By growing on quarters of 2 inch templates, up to four different samples could be overgrown simultaneously in one HVPE run on a rotating susceptor. The wafer misorientation was varied, moreover the two main misorientation directions versus A-plane and M-plane were studied. All layers have been characterized by standard tools like optical microscopy, high resolution x-ray diffraction, low-temperature photoluminescence and atomic force microscopy.
Discussion

Influence of the miscut direction
As described in earlier publications, a careful optimization of the process parameters is necessary to improve the surface quality and the properties of the HVPE grown layers. Basic studies [7, 8] brought the wafer miscut into our focus. These publications describe the improvement of the surface quality by using templates with a slight off-orientation of the c-direction of the used sapphire substrate. These experiments exhibited an optimum off-orientation from the c-plane of approximately 0.3
• . No clear difference was observed between samples using this fixed misorientation angle towards the a-and m-orientation.
After the availability of sapphire wafers with higher off-orientation angles in both directions, the influence of the miscut on the surface morphology could now be clarified. We studied the growth on exact, 0.3
• , 0.6
• and 1
• miscut sapphire wafers in both directions. The results of these studies confirmed that the optimum off-orientation of the used template is approximately 0.3
• , as described in Ref. [7] . For lower values, the typical rough pyramidally shaped surface could not be suppressed. By using a substrate off-orientation of 1
• , the surface morphology changed towards a rough line shaped surface. right). This may be attributed to the different dangling bonds of the steps compared to the other miscut direction, as pointed out by Tachibana el al. [16] describing studies on GaInN quantum well structures grown by MOVPE. Nevertheless, both samples showed excellent material quality. We measured Hall mobilities of approx. 780 cm 2 /Vs with carrier densities in the lower 10 16 cm −3 range at room temperature. The photoluminescence spectra (Fig. 2) of both HVPE-grown layers showed an extremely narrow line of the bound exciton transition with a half width below 900 µeV. No yellow luminescence was detectable.
Self-separation of thick layers
We studied self-separation processes which make use of the thermal strain during cooldown. We investigated different approaches to generate well defined break points where the separation process can occur. The first approach was to deposit a low-temperature interlayer to define the break point as described by Zhilyaev et al. [13] . The low-temperature interlayer was deposited directly on a GaN template (1.5 µm MOVPE-GaN on c-plane sapphire) in HVPE. This layer caused a contrast in the scanning electron micrograph, see Fig. 3 a) . By a further reduction of the deposition temperature of the LT-GaN interlayer a cavernous layer developed, see Fig. 3 b) and c) . On the SEM picture in Fig. 3 c) it is clearly visible that the connection between the seed layer and the thick HVPE grown layer is made only by small pillars. These pillars break easily during cool down and separate the thick layer from the seed layer. Unfortunately, the connectivity of this cavernous layer was rather inhomogeneous (compare figs. 3 b and c) yielding in the separation of only small pieces of the GaN layer. However, self-separated layers exhibited a photoluminescence spectrum which is comparable to MOVPE-grown templates. They featured no yellow luminescence, clearly visible free excitons and a half-width of the donor bound exciton transition of less than 2.6 meV at 20 K.
We found, that the uniformity of the break point over the whole wafer could be better defined with a dielectric mask. In contrast to the method described by Tomita et. al. [12] , our process starts with the deposition of a dielectric mask on a GaN layer on sapphire.
This mask was structured with a periodic pattern with standard lithography and laterally overgrown (like an ELO-process) in a MOVPE system providing a high quality template [17] for the final HVPE growth. The important parameter which influences the separation process is the filling factor (ratio between the openings and the mask area), which can be easily changed by the design of the used mask. This defines the connection strength between the seed layer and the thick HVPE-grown layer.
The first experiments were done one a periodic stripe mask with a filling factor of approximately 0.27. Unfortunately, our maximum layer thickness in these experiments was limited to about 330 µm because of parasitic depositions in our HVPE reactor. Nevertheless, the layer showed self-separation and fairly large freestanding GaN samples could be achieved ( fig. 4a) . These layers exhibited a very low defect density in the mid 10 6 cm −2 range as evaluated by high temperature etching [18] . Extremely narrow lines of two bound exciton transitions with a halfwidth below 670 µeV were observed confirming the low background impurity concentration of our samples (see Hall results described above). The donor bound exciton at 3.471 eV is assigned to O Ga donors and the other peak at 3.472 eV to Si Ga , which may be partly caused by the used SiN mask. Moreover, strong signals of several free exciton states could be found ( fig. 4b ).
Summary
It was demonstrated, that an off-orientation of the sapphire towards the a-plane results in a better surface morphology. Layers grown on off-oriented templates showed an excellent PL-spectrum with narrow linewidths. We described different approaches for selfseparation processes. One possibility is to grow a low-temperature interlayer directly on the seed layer. This process could be easily integrated directly in the process, but it is difficult to control its uniformity over the whole wafer. As an alternative, we investigated the growth on patterned substrates, where the mask defines the breakpoint. By using this process we were able to get quite large samples of free standing GaN with excellent optical and electrical properties. 
